Infiltration of water into a waste disposal facility and into the waste region is the main factor inducing the release of radionuclides from a disposal facility. Since infiltrating water flow is dependent on the natural percolation at the site and the performance of engineered barriers, its prediction requires modelling of unsaturated water flow through intact or partially/completely failed components of engineered barriers. These include the cover systems, concrete vault, backfill, waste forms, and overpacks. This paper aims to carry out a performance study regarding a near surface repository in terms of reliability engineering. It is assumed that surface water infiltrates through the barriers reaching the matrix where radionuclides are contained, thus releasing them into the environment. The repository consists of a set of barriers which are considered saturated porous medium, except geosphere. A genetic algorithm is employed to establish an optimized configuration to the structure of the repository, by determining the thicknesses of barriers and waste packages arrangement, taking into account the engineering and radiological constraints. Such restrictions aim to keep the risks associated with the migration of radionuclides at a low level.
Introduction
Radioactive waste is an inherent result of nuclear energy generation and the use of radioactive material in industry, science, and medicine. Low and intermediate level wastes represent more than 90% of the total volume of radioactive waste, even though they have only a small fraction of total activity produced in the world. This type of waste should be managed to reduce the associated risks to acceptable levels. The deposition system safety is determined by the performance of its individual components, by shape and containment of the wastes, engineering barriers and natural barriers (host environment). Previously, multiple barriers systems were regarded as groups of independent individual barriers that worked in sequence [1, 2] . However, this concept is currently seen in a more integrated and synergic way, as complementary barriers that operate simultaneously and together [3] .
The repository risk assessment can provide important information in the selection of barriers. The key point in this choice is the scale of time during which the barrier should work, that can be in the order of hundreds of years, according to the International Atomic Energy Agency. The life time of the engineering barriers system used to contain the radioactive waste significantly affects the repository reliability.
Several studies for safety evaluation of radioactive waste disposal have been done since the 1970's. Among other references, the works presented by Bertozzi et al. [4] , Pritzker and Gassmann [5] , Garrick [6] and Malbrain [7] may be cited for high level radioactive wastes, and the works presented by Kim et al. [8] , Han et al. [9] , Little and Penfold [10] and Ene [11] for low and intermediate level radioactive wastes. Each work addresses, in a singular manner, all or a part of the safety assessment or performance evaluation, either by deterministic models or probabilistic modelling.
A reliability modelling for packages of high level waste has been developed. Chesnut [12] has dealt with the mean time to failure (MTTF) for a single package and for multiple packages, while Ananda [13] has used the conditional approach for failure of the packages caused by the high temperature of the high level waste. Ananda et al. [14] has extended the conditional approach for multiple packages, more precisely, for two barriers. For packages of low and intermediate level, Aguiar et al. [15] have discussed the reliability for a large number of packages. This discussion is based on the use of probability distribution that best represents the MTTF of the packages. The study's conclusions show the need for using a more complex system, with multiple engineering barriers, necessary for a more reliable retention of radioactive material.
Mathematical models are widely used within the performance assessment of radioactive waste repositories to describe the behaviour of groundwater systems under the various physical conditions encountered throughout the long time scales involved. The effectiveness of such predictive models depends largely on the accuracy with which the involved parameters can be determined. Giacobbo et al. [16] have investigated the feasibility of using genetic algorithms for estimating the parameters of a groundwater contaminant transport model. Additionally, Qin et al. [17] have given a comprehensive review on recent developments, advancements, challenges, and barriers associated with simulation and optimization techniques in supporting process control of petroleum waste management and site remediation.
Problem characterization
Near Surface Repositories are an option for the permanent storage of radioactive waste produced by Nuclear Power Plants, such as PWR, based on International Atomic Energy Agency (IAEA) recommendations and international practice. Technetium-99 (Tc-99) is an important radionuclide selected among those present in intermediate level wastes [18] [19] [20] to be used in this paper.
The distribution coefficient is the ratio of the amount of substance sorbed on a unit mass of dry solid to the concentration of the substance in a solution in contact with the solid, assuming equilibrium conditions. The SI units are m 3 /kg. Therefore, if the distribution coefficient is zero, the substance is not retained by the medium, which is, in this case, the geosphere [21] .
The radionuclide Tc-99 was chosen to have its behaviour studied in this work because its distribution coefficient in the geosphere presents value equal to zero [19, 22] . Since the host environment (geosphere) does not possess the property to retain the radionuclide, the engineering structure (size and arrangement of the repository) becomes the only barrier against the release of Tc-99 into the biosphere. The activity considered for the Tc-99 is 2.38 x 10 10 Bq in the year of the repository closing.
The repository is divided in 6 subsystems: A -top cover; B -upper layer; Cpackages; D -base; E -repository walls, and F -geosphere. Release of contaminated water from the base is taken into account as well as from the side walls. Subsystems A and B are barriers against water infiltration while subsystems C, D, E, and F are barriers which delay the leaching of the radionuclide into the biosphere (see fig. 1 ).
The repository is viewed as a system whose components (barriers) work in a series-parallel configuration according to fig. 2 , where the system failure occurs only when the barriers A and B and C and (D or E) and F fail. The time to failure of each barrier is considered a random variable with a specified probability density function.
The barriers operate sequentially so that only one component of the system is operating at a given time while the others remain in reserve. The components in reserve do not fail in this operation mode. The failure of a unit increases the level of stress of the unit following, thus increasing the latter's failure rate. The failures are dependent events.
Water infiltration models determine the infiltration of water into waste disposal units by following the precipitation of water at a site and its partitioning due to surface runoff, evaporation, and plant uptake/evapotranspiration. Percolation of water into the waste is then determined by describing the flow through the cover system, concrete vault, and other barrier components. Precise estimation of water flow is extremely complicated due to localized variability of material properties, transient nature of rainfall events, etc. Therefore, Series-parallel configuration of the repository barriers.
simplifications are made in performance assessment with the aim of obtaining a defensible estimate of water flow [23] . Infiltration predicted by the water infiltration models becomes important only after the failure of a concrete barrier in performance assessment. Before a failure, it is assumed that a concrete vault works as an effective barrier to minimize the contact of water with the waste. The time of failure of concrete vault is important, along with the time interval between the initiation and completion of concrete vault failure. The performance history of modern concrete is short (-100 years) relative to the required time frame of performance assessment, therefore, prediction of concrete service life is difficult [24] . A saturated porous medium is considered in order to calculate the superficial speed of the water referent to the total transversal draining area through the barriers. It is admitted that no infiltration will happen due to the active institutional control in the first 100 years [18, 20] . Hence, the time the water takes to cross the concrete top cover will be added by 100 years. The water speed is obtained from the Darcy's equation for a porous saturated medium, except geosphere, eqns. (1) to (7).
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where, k(t) is the concrete hydraulic conductivity, given by eqn. (8); h is the water column height above the concrete top cover (subsystem A); H is the height corresponding to the thickness of the concrete top cover (e A ) plus the height h; e B is the thickness of the upper layer (subsystem B); e Cv is the thickness of the packages in the vertical direction (subsystem C); e Ch is the thickness of the packages in the horizontal direction (subsystem C); e D is the thickness of the base (subsystem D); e E is the thickness of the repository walls (subsystem E). 
The radionuclide speed equals the water speed divided by the retardation coefficient of the medium. Thus, the radionuclide Tc-99 speed is obtained by eqn. (9 
The radionuclide retardation is the reduction in the rate of radionuclide movement through the soil due to the interaction (e.g. by sorption) with the immobile matrix. The retardation coefficient is a measure of capability of the porous media to impede the movement of a particular radionuclide been carried by fluid.
As Tc-99 presents distribution coefficient equal zero in geosphere, the substance is not retained, which implies in a retardation coefficient equal to 1.
The equations for the porosity, and specific mass of the concrete and distribution coefficient ( ) (t kd ) for radionuclides Tc-99 are respectively [22 
The mean time to failure (MTTF) of each barrier equals the water average transit time (barriers A and B) or the radionuclide (barriers C, D, E, and F). The average transit time is the ratio between the water route of the radionuclide (barrier thickness) and its average speed.
The amount of activity released per year (Bq/y) is therefore the product between the probability density function, pdf (1/y), and the activity (Bq) [1, 25] . The pdf related to the release of Tc-99 caused by the barriers failure, due to rain water infiltration, is given by eqn. (14) 
and
are the failure rates of the barriers A, B, C, D, E and F, respectively.
Genetic algorithm
A genetic algorithm is employed to establish an optimized configuration for the structure of the repository, by determining the thicknesses of barriers and waste packages arrangement, taking into account the engineering and radiologic constraints. Such restrictions aim to keep the risks associated with the migration of radionuclides at a low level.
As starting point for optimization, the following set of geometric and structural parameters of the repository is used, as shown in reference [1] (reference repository): A -top cover (0.40m high); B -upper layer (0.32m high); C -packages (1.20m x 4 high, 1.40m x 17 depth and 1.40m x 51 width); D -base (0.80m high); E -repository walls (0.60m thick); and F -geosphere (40m thick). The number of packages is equal to 3,468 (n o pack proj ) and the total volume of concrete used to build the repository is equal to 3,314.06m 3 (Vol total,proj ). The variables considered in the optimization process are: (i) the thicknesses of top cover, upper layer, walls and base; (ii) the number of packages in a pile, determining the height; (iii) the number of packages in a row, determining the width. The depth is obtained from the height and width in order to give a total number of packages as close as possible to 3,468. The crossover type was the PMX as proposed by Goldberg [26] .
The fitness function (F obj ) is given by eqn. (15) and the release rate (eqn. (14)) is used as a constraint for the optimization. The F obj is used to minimize the total volume of concrete weighted by the reference volume (Vol total,proj ) also considering the ratio between the number of packages in the reference repository 
where, Vol total is the concrete volume corresponding to the base, walls, top cover and upper layer for the modelled repository;
Vol total,proj is the concrete volume corresponding to the base, walls, top cover and upper layer for according to the geometric and structural parameters presented in reference [22] ; n o pack proj is the number of packages conditioned within the repository presented in reference [22] ; n o pack is the number of packages conditioned within the modelled repository
Results and discussion
Although Tc-99 presents a distribution coefficient in concrete equal to 81,567, which is a high value, the value of the retardation coefficient in the geosphere is equal to 1, that is, there is no retention of Tc in the geosphere. This fact implies a reduction of the MTTF and, consequently, an increase of the probability of repository failure for this radionuclide [27] . In this modelling, where the sorption is one of the main phenomena considered, it is observed that the probability of the repository failure is related directly with the retardation coefficient (Fr) of the radionuclide in the medium (concrete and geosphere). As the release rate of Tc is obtained from the probability of repository failure (cumulated density function to system failure), the increase in the probability influences the release of the radionuclide into the biosphere. The optimization process was carried out through exhausting search using software based on genetic algorithms in order to minimize F obj given by eqn. (15) .
Considering the constraint for the release rate, the best solution obtained for F obj in order to minimize the volume of concrete was 1.1529. The values of the modelled parameters, according to the best solution, are presented in Table 1 .
The best solution establishes the same number of packages in a column defined in the project of the reference repository, that is, four packages in a pile. Therefore, the best distribution for the packages is a 28x31 arrangement, while the reference repository has a 17x51 arrangement.
As a result, the modelling shows that it is possible to consider near surface repository projects presenting lower thicknesses without loss of system reliability.
The research shows that, in this modelled case, the most important factor is the number of packages in a pile. The bigger the column, the greater the pressure on the inferior layers of the package set, where there are radionuclides susceptible to release. In addition, the height of this column determines the pressure exercised on the walls and base of the repository, simultaneously. Some tests carried out in this work show that for certain limit values established for the release rate (constraint), the safety criteria can be reached by increasing the thicknesses of the barriers rather than reducing the number of packages per pile. However, this possibility occurs only in a few narrow ranges of release rate limits.
Performance assessment relies upon predictive mathematical/computer models to project the performance of a site for long periods of time. Due to the limited nature of the available data and models and the need to extrapolate the known database in time, uncertainties naturally arise. These include model and parameter uncertainties.
Our results demonstrate the behaviour of the selected radionuclide Tc-99 according to this modelling.
Conclusion
This work presented an approach to a model in order to establish an optimized configuration for the structure of repositories by determining the thicknesses of barriers and waste package arrangement, taking into account the engineering and radiological constraints.
The genetic modelling employed had embedded the function to minimize the total volume of concrete, weighted by the reference volume (Vol total,proj ), and considering the ratio between the number of packages according to the reference (n o pack proj ) and the number of packages by modelling (n o pack). The results are fully satisfactory and compatible with the system studied, demonstrating the effectiveness of the proposed approach for this kind of problems.
The release rate is mainly sensitive to the number of packages per pile, more than to the thickness of the barriers. In order to obtain the lower concrete volume, the number of packages per pile must be defined to give the repository a structure as close as possible to a "cubic" geometry, always considering the constraint associated to the release rate limit.
The modelling shows that it is possible to consider the construction of near surface repositories with lower thicknesses without loss of system reliability.
For radionuclides other than Tc-99, with release rates influenced by the geosphere, the thicknesses of barriers are probably not significant, as the geosphere has a much greater thickness. At this point, it is proposed that this study be extended to the other radionuclides existing in low and intermediate activity wastes which can be disposed in a near surface repository. For a more accurate study, it is suggested to consider the uncertainties in performance assessment. 
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